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Abstract 

Background: Anterior cruciate ligament (ACL) tears are common, functionally disabling, and predispose to 
subsequent injuries and early onset of osteoarthritis in the knee. Injuries result in muscular atrophy and impaired 
muscular activation. To optimize surgical methods and rehabilitation strategies, knowledge of the effects of ACL 
injuries on muscles size and function is needed. Asymmetry due to limb dominance implies that the effect of ACL- 
injury might be different in right-sided and left-sided injuries which, should be taken in account when evaluating 
the effect of an injury. Evaluation of the effects of injuries is usually made with the contralateral leg as control. The 
aim of this study is to describe the effect of ACL-injuries on thigh muscle size and also to analyze feasibility of using 
contralateral limb as control. 

Methods: Sixty-two patients scheduled to undergo ACL reconstruction were examined with computed 
tomography (CT). Muscle cross sectional area (CSA) was recorded for quadriceps, hamstrings, gracilis and sartorius 
15 cm above the knee joint. Comparisons were made between the injured and non-injured side and between 
individuals separated by gender and side of injury. Comparisons were also made for patients with or without 
concomitant meniscal tear, for patients differing in time between injury and examinations and for patients with 
different level of physical activity after the injury. 

Results: Quadriceps CSA was 5% smaller on the injured side. There was an indication that the muscles of the right 
thigh were generally bigger than those of the left thigh. The difference between the injured and the non-injured 
side was larger for right-sided injuries than for left-sided. There was also a greater difference in semimembranosus 
for women than for men. There were no differences related to meniscal injury, time since injury or physical activity. 

Conclusion: The use of contralateral leg for evaluating the effect of ACL-injury is often the only available alternative 
but our study indicates that the difference in CSA between injured and non-injured side does not necessarily reflect 
the true degree of atrophy, as there are side differences both in muscle size in general and in the effect of an ACL- 
injury on muscle size. 

Keywords: Anterior cruciate ligament, Muscle size, Atrophy, Dominance, Gender, Meniscal tear, Computed 
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Background 

Anterior cruciate ligament (ACL) tears are common 
among younger persons involved in different sport activ- 
ities. These injuries are functionally disabling and predis- 
pose to subsequent injuries and of osteoarthritis in the 
knee. The ACL-deficient knee is often characterized by 
decreased muscle strength and torque generating cap- 
abilities, which may be attributed to muscle atrophy 
[1-4] and impaired muscular activation [4-8], the latter 
discussed in a review article by Ingersoll et al. 2008 [9]. 
Beynnon et al. published in 2005 [10] a review article on 
biomechanical background, prevalence, risk factors, out- 
come and indications for various treatment regiments as 
well as on different surgical techniques and rehabilita- 
tion strategies [11]. The rationale for and against recon- 
structive surgery has recently been outlined by Hurd 
et al. [12]. It is therefore of importance to assess the 
morphological effect of ACL-injuries in order to develop 
the best strategies for rehabilitation. ACL-injuries are 
often accompanied by meniscal tear, which also are 
known to induce atrophy of quadriceps [13]. 

Contralateral leg for comparison: lateral asymmetry and 
dominance 

Most studies use the contralateral limb as comparison in 
evaluating changes in muscle size and strength following 
ACL rupture. The underlying assumption that both 
limbs were equal in size and muscle strength prior to in- 
jury is not fully justified. There are indications that there 
might be a difference related to limb dominance [14,15]. 
The concept of limb dominance in the lower extremity, 
however, is controversial. Van der Harst et al. in a study 
of leg kinematics and kinetics in landing from a single- 
leg hop [16] defined the dominant leg as the leg with the 
biggest horizontal hop distance. Most investigators, on 
the other hand, seem to consider the leg preferred for 
kicking a ball as the dominant leg. If the leg preferred 
for kicking, which for the majority of people is the right 
leg [17], is defined as dominant, the contralateral leg 
would serve as supporting and weight bearing and there- 
fore being stronger and heavier [15,18]. Considering the 
different views of leg dominance, it is not surprising that 
there is no consensus regarding difference in muscle 
cross sectional area (CSA) or volume comparing domin- 
ant and non-dominant leg. 

The reduction of maximal voluntary contraction force 
(MVC) of quadriceps in the ACL-deficient knee is not 
only due to atrophy but also to arthrogenic muscle in- 
hibition [19] with the effect of reduced maximal volun- 
tary muscular activation (MVA) and it has been shown 
that this reduction is bilateral [8]. Berchuck et al. [20] 
studied gait adaptation in ACL-injured patients. They 
found that the subjects adapted their gait to reduce con- 
traction of quadriceps and that they tended to walk with 



symmetrical gait which meant that the contralateral leg 
was almost equally affected. Thus even a unilateral in- 
jury will have effects on the contralateral leg which 
makes using the contralateral leg as comparison after 
ACL-injuries problematic. 

Asymmetry due to limb dominance implies that the ef- 
fect of ACL-injury might be different in right-sided and 
left-sided injuries. Moreover, there is growing evidence 
that gender differences in muscular strength and activa- 
tion impact the risk of attaining an ACL-injury and 
therefore aspects of gender are important when evaluat- 
ing the effect of an injury [21]. 

Purpose of study 

The purpose of this study is two-folded. First we wanted 
to study muscle atrophy after the acute stage, here de- 
fined as two months. We wanted to investigate if there 
were any correlations between the degree of atrophy and 
concomitant meniscal injury, time from injury or the 
subjects' physical activity level after injury. 

Atrophy is generally assessed by comparing the injured 
leg with the contralateral. But we hypothesized that 
other factors could influence the difference between in- 
jured and non-injured leg, Therefore the second purpose 
was to investigate if other factors e g side of injury, ef- 
fects of limb dominance or gender affected differences 
in muscle CSA. As no examinations were performed be- 
fore the injury, the results are merely indirect and in this 
respect this paper serves more as a proof of concept. 

Methods 

As part of a study of rehabilitation after surgical restor- 
ation of ACL-injuries, CSA of thigh muscles were 
obtained with computed tomography. The CT-scanning 
was performed just before surgery to serve as compari- 
son for evaluating the effect on muscle size which was 
monitored during rehabilitation with repeated CT- 
scanning. Sixty-two ACL-deficient patients, 40 men and 
22 women, were recruited and included when they were 
scheduled to undergo ACL reconstruction. Mean age 
with standard deviation was 28 ± 9 years for men (range 
16-54) and 26 ± 8 years for women (range 16-45). 
Mean Body Mass Index (BMI) with standard deviation 
was 25.9 ±3.3 (range 19.8 - 32.4) for men and 24.4 ± 3.7 
(range 18.9 - 31.8) for women. The most commonly 
reported activities before injury were soccer and alpine 
skiing but not all were active in sports. Of the 62 pa- 
tients 26 had also sustained a meniscal tear diagnosed 
during a preceding arthroscopy or when surgery for 
ACL reconstruction was performed. CT-examinations 
were performed before surgery and time between injury 
and CT-examination ranged from 2 to 180 months with 
a median of 10 months. Three patients were excluded, 
one because of spontaneously gaining adequate stability 
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in the knee due to the ACL scarring onto the posterior 
cruciate ligament, one because of cartilage injury in the 
joint and one because of unrelated symptoms from the 
contralateral knee. The Ethics Committee at the 
Karolinska Institutet approved the design of the study 
and the patients gave their informed consent for the 
planned procedures. 

Of the 62 patients 36 (58%) had a left-side injury and 
26 (42%) had a right-side injury. There were no differ- 
ences between men and women, chi-square test for in- 
dependence of gender and side was 0.68. Leg 
dominance, defined by the leg preferred for kicking a 
ball, was recorded for 46 patients where 43 had a right- 
sided dominance. Activity level before and after the 
ACL-injury was recorded according to the Tegner activ- 
ity scale [22] and was also determined as stated in the 
International Knee Documentation Committee (IKDC) 
subjective knee evaluation form [23] on a four-graded 
scale from very strenuous, strenuous, moderate, to light. 

CT-imaging 

Axial CT images with the patients in supine position were 
acquired 150 mm above the knee joint. Due to change of 
equipment at our department 4 different CT-scanners 
were used, although 53 of the 62 examinations were 
performed with a Philips Tomoscan SR 7000 (single slice 
helical CT-scanner, 100 kV and 75 mAs). Slice thickness 
in all images was 10 mm. The images were saved as 
DICOM-images in a PACS-system for later analysis. 

The muscles analyzed were: quadriceps, sartorius, gra- 
cilis, semimembranosus, semitendinosus and biceps 
femoris. The different parts of quadriceps were not mea- 
sured separately as especially vastus intermedius could 
not always be confidently separated from vastus lateralis 
and vastus medialis at this level. For the same reason the 
different parts of biceps femoris were not separated. The 
images were analyzed using NIH Image J version 1.42e 
software (http://rsbweb.nih.gov/ij/). The muscles were 
measured by outlining the borders and then registering 
the area with attenuation between 1 and 101 Hounsfield 
units. All measurements were made by one of the authors 
(SS) with 10 years of experience of CT-examinations. The 
method was previously evaluated with repeated measure- 
ments by two independent investigators and was found to 
have good reliability [24]. 

Measurement evaluation 

To evaluate the effect of injury, the percentage differ- 
ence between the CSA of the injured and non-injured 
side was compared. The percentage difference in CSA 
was calculated for each muscle and for each patient sep- 
arately. The mean of the percentage differences was then 
compared for all muscles for all patients together and 
also for right-sided and left-sided injuries separately. To 



test for side asymmetry the mean CSA for the muscles 
of the non-injured side in patients with right-sided in- 
jury was compared with those of the patients with left- 
sided injury for men and women separately. In the same 
way the mean CSA for muscles of the injured side was 
compared. As the measurements here refer to different 
individuals, absolute values of CSA in mm were used 
for comparison. 

To test if there was any gender effect, the difference in 
injured and non-injured side CSA in per cent was com- 
pared between men and women. In the same way the 
potential effect of an additional meniscal tear was evalu- 
ated by comparing the percentage difference between in- 
jured and non-injured side in patients with meniscal tear 
with those without concomitant meniscal injury. 

The CT-examinations were performed after the acute 
stage of the injury, here defined as two months. Al- 
though most of the patients were examined a rather long 
time after the injury, any remaining effect of time be- 
tween injury and CT-examination was tested by classify- 
ing the patients in three groups, less than 6 months 
(N=17), 6 to 12 months (N=18) and more than 12 
months (N=27) and then comparing the percentage dif- 
ference in CSA. The classification was chosen in order 
to get reasonable sample size. In the same way correl- 
ation between degree of physical activity after the injury 
and the change in CSA was tested for patients with dif- 
ferent level of activity. 

Statistical methods and data management 

Repeated measurements analysis was used to analyze 
time dependent data and multiple comparisons of con- 
tinuous data were performed by analysis of variance 
(ANOVA). The post-hoc procedure proposed by Fisher 
was used to control for multiplicity. Statistical compari- 
sons in order to test differences between two independ- 
ent groups were made by use of Student's t-test for 
uncorrelated means. Within group analysis was made by 
use of pair-wise Student's t-test for correlated means. In 
order to evaluate hypotheses of variables in contingency 
tables, chi-square test was used, or, in case of small 
expected frequencies, Fisher's Exact Test. The study em- 
ploys multiple hypothesis testing, where each hypothesis 
was analyzed separately and the existence of patterns in 
results and the consistency of the results were consid- 
ered in the analysis [25,26]. In addition, descriptive sta- 
tistics was used to characterize the data. Data were 
expressed as mean ± SD. All analyses were carried out 
by use of a statistical software (The SAS system for Win- 
dows 9.2. SAS Institute Inc., Cary, NC, USA). A p-value 
of <0.05 was considered significant and in the case of 
a statistically significant result the probability value 
(p-value) was given. 
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Results 

Injured versus non-injured side 

Table 1 presents the CSA for the individual muscles 
comparing the injured with the non-injured side. A sta- 
tistically significant smaller CSA of the injured side was 
found for the quadriceps muscle both when comparing 
all the patients and when comparing right-sided and 
left-sided injuries separately. On the other hand, with a 
right-sided injury, the CSA of all muscles except quadri- 
ceps tended to be larger on the injured side although the 
difference was statistically significant only for gracilis, 
semitendinosus and biceps femoris. With a left-sided in- 
jury the CSA of all the muscles on the injured side ex- 
cept semitendinosus tended to be smaller although the 
difference was statistically significant for quadriceps and 
semimembranosus only. The result for semitendinosus 
was highly influenced by two patients with left-sided in- 
jury who for some unknown reason had very small CSA 
of semitendinosus in the non-injured leg. 

Right versus left side 

Table 2 presents mean CSA for the measured muscles 
for men and women separately for the leg without ACL- 

Table 1 CSA in mm 2 , mean and SD, for injured and non- 
injured side respectively and mean of percentage 
difference between injured and non-injured side with p- 
value 





Injured 


Non-injured 


Diff% 


p-value 


All patients (N=62) 










Quadriceps 


5458 (1230) 


5780 (1219) 


-5.5% 


<0.001 


Sartorius 


388 (103) 


388 (105) 


0.7% 


0.583 


Gracilis 


337 (86) 


328 (93) 


4.3% 


0.029 


Semimembranosus 


1331 (278) 


1352 (266) 


-1.2% 


0.289 


Semitendinosus 


616 (237) 


608 (231) 


5.3% 


0.134 


Biceps femoris 


1692 (355) 


1673 (337) 


1 .5% 


0.233 


Right-sided injury (N=26) 










Quadriceps 


5142 (1257) 


5603 (1224) 


-8.5% 


< 0.001 


Sartorius 


393 (108) 


382 (108) 


3.7% 


0.113 


Gracilis 


343 (94) 


315 (97) 


1 0.7% 


0.005 


Semimembranosus 


1 307 (302) 


1 283 (246) 


1 .7% 


0.405 


Semitendinosus 


638 (253) 


595 (221) 


8.3% 


0.024 


Biceps femoris 


1664 (402) 


1 595 (369) 


4.4% 


0.029 


Left-sided injury (N=36) 










Quadriceps 


5686 (1176) 


5907 (1217) 


-3.3% 


0.024 


Sartorius 


385 (101) 


393 (104) 


-1.4% 


0.371 


Gracilis 


332 (81) 


337 (90) 


-0.3% 


0.870 


Semimembranosus 


1 349 (262) 


1401 (273) 


-3.4% 


0.013 


Semitendinosus 


600 (226) 


617 (241) 


3.1% 


0.570 


Biceps femoris 


1712 (321) 


1 729 (305) 


-0.6% 


0.732 



Table 2 CSA in mm 2 , mean and SD, comparing right leg 
for patients with left-sided injuries with left leg for 
patients with right-sided injures and vice versa 

Right Left Diff p-value 

Leg without ACL-injury 
Men 



Quadriceps 


6504 (997) 


6294 (982) 


210 


0.517 


Sartorius 


446 (81) 


429 (107) 


1/ 


0.563 


Gracilis 


364 (93) 


337 (68) 


27 


0321 


Semimembranosus 


1495 (247) 


1382 (255) 


112 


0.172 


Semitendinosus 


611 (277) 


666 (209) 


-56 


0.500 


Biceps femoris 


1 845 (256) 


1750 (361) 


95 


0.337 


Women 










Quadriceps 


4714 (553) 


4497 (588) 


218 


0.382 


Sartorius 


285 (42) 


306 (53) 


-21 


0307 


Gracilis 


283 (55) 


281 (128) 


2 


0.958 


Semimembranosus 


1215 (231) 


1124 (116) 


91 


0.272 


Semitendinosus 


629 (154) 


482 (198) 


147 


0.065 


Biceps femoris 


1497 (266) 


1 347 (224) 


149 


0.175 


ACL-deficient leg 










Men 










Quadriceps 


5847 (1002) 


6219 (1055) 


-371 


0.273 


Sartorius 


445 (105) 


434 (82) 


12 


0.693 


Gracilis 


369 (70) 


355 (83) 


14 


0.576 


Semimembranosus 


1457 (286) 


1449 (239) 


8 


0.924 


Semitendinosus 


731 (247) 


609 (252) 


122 


0.138 


Biceps femoris 


1858 (361) 


1 838 (288) 


19 


0.854 


Women 










Quadriceps 


4012 (643) 


4620 (463) 


-608 


0.018 


Sartorius 


309 (35) 


288 (53) 


22 


0.277 


Gracilis 


301 (114) 


286 (56) 


15 


0.701 


Semimembranosus 


1068 (115) 


1149 (183) 


-81 


0.240 


Semitendinosus 


489 (189) 


582 (171) 


-93 


0.241 


Biceps femoris 


1356 (243) 


1460 (223) 


-105 


0.305 



Differences between right and left side with p-value. 



injury and similar figures for the injured leg. A compari- 
son was made between right and left side i.e. the right 
side of patients with left-sided injury was compared with 
the left side of those with a right-sided injury. The num- 
ber of patients in each group was low and there was a 
great variability as can be seen from standard deviation 
figures. None of the differences for the non-injured legs 
were statistically significant, but for 10 out of 12 com- 
parisons the recorded mean CSA was larger for the right 
leg than for the left even though the difference for graci- 
lis in women was marginal. For the ACL-deficient leg, 
CSA for quadriceps in women was smaller in right in- 
jured legs compared to left injured legs (p<0.05). There 
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was also a difference in the effect of ACL-injury when 
comparing left-sided and right-sided injuries. This is il- 
lustrated in Table 3 which shows some of the figures 
from Table 2 reorganized to illustrate this. The table 
shows that the difference between injured and non- 
injured side was bigger for right-sided than for left-sided 
injuries. The mean percentage differences for quadriceps 
CSA between injured and non-injured leg for men and 
women combined were -8.5% and -3.3% for right-sided 
and left-sided injuries respectively (p=0.018). When sep- 
arating for gender the corresponding figures were, -7.1% 
and -4.1% (p=0.294) for men and -10.7% and -1.7% 
(p=0.012) for women. 

Gender 

As expected, there was a difference in CSA in general 
between men and women both for the injured and non- 
injured leg, which is shown in Table 2. Table 4 shows 
the difference in CSA between injured and non-injured 
leg in per cent with a comparison between men and 
women. The only statistically significant difference was 
for semimembranosus where the reduction of CSA was 
bigger in women than in men. The tendency was the 
same when calculating right-sided and left-sided injuries 
separately, although the difference was statistically sig- 
nificant for right-sided injuries only. 

Meniscal injury 

Table 5 shows the difference in CSA between the injured 
and the non-injured leg for patients with or without 
meniscal tear. No significant differences were found ex- 
cept for semitendinosus but the figures for 
semitendinosus were highly influenced by the two pa- 
tients mentioned above, both with left-sided injury and 
meniscal tear. 

Time from injury and physical activity 

No significant differences were found when comparing 
patients with different time between injury and CT- 
examination. Activity level according to the Tegner scale 
before and after injury was 7.8 ± 1.0 and 3.1 ± 1.6 re- 
spectively for men and 7.0 ±1.4 and 2.4 ± 1.1 for women. 
The self-estimated physical activity before and after the 
injury is presented in Table 6. The differences between 
the injured and non-injured side were the same 



irrespective of activity after injury although there was a 
tendency to less difference in the two patients who 
retained very strenuous activity. 

Discussion 

In agreement with our hypothesis we found that apart 
from the ACL-injury there were also other factors that 
influenced the comparison between injured and non- 
injured muscle CSA. We found several differences be- 
tween the left and right leg. The CSA of the muscles of 
the right leg, which for the majority of the patients was 
the dominant leg, was bigger than the CSA of the left 
leg. There was also a side difference in the effect of 
ACL-injury since the difference in CSA of quadriceps 
was more pronounced after a right-sided injury than 
after a left-sided injury. 

It is previously known that the most obvious effect of 
ACL-injury on muscle size is atrophy of quadriceps. 
Williams et al. [4] found 4.5-13% lower muscle volume 
of quadriceps in the injured knee compared to the op- 
posite side for patients defined as "non-copers" i.e. pa- 
tients who do not compensate well for the injury. In our 
study the CSA of quadriceps was approximately 5% 
smaller in the affected side which is in agreement with 
these findings. Usually the contralateral leg is used as 
control as it provides a matched sample which elimi- 
nates the high interindividual variability of the muscles 
due to different statue and physical activity. As pointed 
out in the introduction, this ignores any difference be- 
tween the sides of a healthy person and also the effect 
an injury has on the contralateral leg. It has also been 
demonstrated that there are side differences in other 
anatomical characteristics in the lower extremity as e g 
Q-angle and tibial torsion [27]. In this study we tried to 
check the feasibility of using the contralateral leg for 
comparison. The results are mainly indirect as we did 
not have an examination before the injury. In literature 
there are conflicting results as to which leg is the heavi- 
est with the greatest muscle mass. There are also indica- 
tions that persons who suffer ACL-injuries are not 
representative in this respect as imbalance between 
quadriceps and hamstrings might influence the risk of 
attaining an ACL-injury [28]. 

The new findings in this study are the differences be- 
tween left and right leg. Generally the CSA of the right 



Table 3 Mean CSA in mm 2 for quadriceps of injured and non-injured leg for left sided and right sided injuries 
separately for men and women respectively 

Men (N=40) Women (N= 22) 

Injured Non-injured Diff. Injured Non-injured Diff. 

Left 6218 6294 -76 4620 4497 124 

Right 5847 6504 -656 4012 4714 -702 

Difference -371 209 -608 218 
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Table 4 Mean CSA in mm 2 for muscles of injured and non-injured leg with percentage difference and a comparison 
between men and women 







Men (N=40) 






Women (N= 22) 




p-value 


Injured 


Non-injured 


Diff% 


Injured 


Non-injured 


Diff% 


Quadriceps 


6070 


6420 


-5.3% 


4344 


4615 


-5.8% 


0.833 


Sartorius 


438 


440 


0.2% 


298 


294 


1 .7% 


0.613 


Gracilis 


361 


353 


3.7% 


293 


282 


5.4% 


0.679 


Semimembranosus 


1452 


1450 


0.7% 


1112 


1174 


-4.7% 


0.026 


Semitendinosus 


657 


633 


9.5% 


540 


562 


-23% 


0.108 


Biceps femoris 


1846 


1807 


2.6% 


1413 


1429 


-04% 


0.256 



leg, which for the majority of the patients was the dom- 
inant leg defined as the leg preferred for kicking a ball, 
was bigger than the CSA of the left leg. Even more inter- 
esting is that there was a side difference in the effect of 
ACL-injury since the difference in CSA of quadriceps 
between the injured and non-injured side was more pro- 
nounced after a right-sided injury than after a left-sided 
injury. There was also a gender difference as reduction 
of CSA of semimembranosus was more pronounced in 
females. 

Right versus left side 

As our population already had an ACL-injury, we had to 
analyze side differences in the non-injured leg by com- 
paring the right leg in patients with a left-sided injury 
with the left leg in patients with right-sided injury. The 
high inter individual variability shown by the values of 
standard deviation in Table 2 made the statistical power 
of such a comparison low and we did not find any statis- 
tically significant differences. Nevertheless, in 10 out of 
12 comparisons the recorded mean CSA of the right leg 
was larger than that of the left leg. The probability for 
such a skewed distribution if there is no side difference is 
0,039 (double sided binomial distribution). Further sup- 
port for the view that the muscles of the right leg were 
bigger than those of the left leg came from comparing the 
matched samples of injured versus non-injured side sepa- 
rated for left-sided and right-sided injuries in Table 1. 



Quadriceps was smaller on the injured side, probably due 
to atrophy as expected. Except for quadriceps, the CSA of 
the other muscles of the injured side tended to be bigger 
than on the non-injured side when the right leg was in- 
jured. The opposite was true for left-sided leg injury where 
the muscular CSA in general was smaller in the non- 
injured leg. 

The other observed side asymmetry in this study was 
the effect of ACL-injury on muscle size. Table 3 shows 
that the difference between the injured and the non- 
injured side in quadriceps CSA was larger for right-sided 
than for left-sided injuries which implies that the atro- 
phy of quadriceps was more pronounced in right-sided 
injuries. Even if the reason for this is not clear, it is likely 
to be related to limb dominance and maybe also to gen- 
der differences as the effect seemed to be greater in 
women than in men. 

The present study thus indicates that there are differ- 
ences in muscle size both between right and left side in 
general and in the effect of an ACL-injury that have to be 
taken in account when evaluating atrophy after ACL injury. 

Dominance 

Although leg dominance was not determined for all pa- 
tients included in this study, a great majority of the patients 
were right-leg dominant for kicking. This is in accordance 
with previous findings where e.g. Matava et al. reported a 
figure of 89% [17]. Our findings strongly suggest that for 



Table 5 Mean CSA in mm 2 for muscles of injured and non-injured leg with percentage difference and a comparison 
between patients with and without meniscal tear 

Meniscal tear (N=26) No meniscal tear (N= 36) 





Injured 


Non-injured 


Diff% 


Injured 


Non-injured 


Diff% 


p-value 


Quadriceps 


5631 


5876 


-4.1% 


5332 


5710 


-6.5% 


0.292 


Sartorius 


411 


408 


0.5% 


372 


373 


0.9% 


0.872 


Gracilis 


361 


349 


4.9% 


319 


313 


3.9% 


0.797 


Semimembranosus 


1369 


1380 


-0.7% 


1304 


1331 


-1.6% 


0.713 


Semitendinosus 


644 


595 


14.9% 


595 


617 


-1.6% 


0.018 


Biceps femoris 


1714 


1708 


0.6% 


1677 


1647 


2.2% 


0.546 
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Table 6 Self-estimated physical activity 





Very strenuous Strenuous 


Moderate 


Light 


Before injury 


52 8 


2 


0 


After injury 


2 8 


36 


16 



our study population the muscles of the right thigh, which 
for the majority is the leg preferred for kicking, had larger 
CSA, than the muscles of the left thigh. These findings are 
however indirect as they are based on comparison of the 
muscles of the right thigh in patients with a left-sided in- 
jury with the left thigh in patients with a right-sided injury. 

In a study of skeletons Cuk et al. [14] found that the 
left femur was larger and longer than the right which 
was interpreted as the left limb being the supportive leg 
for both left-handers and right-handers. This would indi- 
cate that the left leg would be stronger and heavier 
which was also found for most of the subjects in a ca- 
daver study of Chhibber [15]. Peters [18] in a review- 
article concluded that in adult right-handers the left leg 
is longer and heavier than the right leg. This finding was 
however not confirmed in a study of Tate et al. [29] 
where differences in vastus lateralis and medialis were 
found between the dominant and non-dominant leg but 
otherwise there were no differences in total quadriceps 
and only small differences in the other muscles. In a 
study of age-associated strength change in women [30] 
the subject of limb dominance was also analyzed. Limb 
dominance was defined as the preferred limb and CSA 
of thigh lean mass was calculated from anthropometric 
measurements. They reported a significant larger CSA in 
the dominant limb. There are thus conflicting results re- 
garding the differences in muscle size between sides that 
might be at least partly due to different definition of 
dominance. 

Gender 

Women's semimembranosus CSA was significantly re- 
duced in the injured leg which was not the case for men. 
From our data it is not possible to deduce if this was 
due to more pronounced atrophy after the injury or 
whether a smaller semimembranosus might have af- 
fected the risk of getting an ACL-injury. But it has been 
demonstrated that in female athletes who subsequently 
suffered ACL-injuries there was strength imbalance be- 
tween the quadriceps and hamstring muscle groups that 
was not found among men [28] and this supports the 
view that a small semimembranosus might be an etio- 
logic factor for ACL-injuries. Gender differences in mus- 
cular activation of quadriceps and hamstring have also 
been reported by Chappel et al. [31]. 

In our study there was no gender difference between 
the proportions of left-sided versus right-sided injuries. 
This means that we could not confirm the findings of 



other studies where e.g. Negrete et al. reported an in- 
creased proportion of left-sided non contact ACL- 
injuries in females [32]. Brophy et al. [21] found gender 
differences in the frequency of non-contact ACL injuries 
in soccer players where females were more likely to in- 
jure their supporting leg whereas males tend to injure 
their kicking leg. This was also found in a recent study 
of recreational skiers where 90% had a right-sided lower 
limb dominance defined as the leg preferred for kicking 
a ball. Sixty-eight per cent of the females injured their 
left leg versus 48% of the males [33]. 

Meniscal injury 

The present study did not find any difference in muscle 
CSA of ACL-deficient patients with or without meniscal 
tear. This is in agreement with previous literature. Akima 
et al. [13] showed that there was atrophy of quadriceps 
after meniscal lesions and partial arthroscopic meniscec- 
tomy whereas the other muscle groups were not affected. 
Urbach et al. [8] found that the MVC was more reduced 
in patients with a combined ACL and additional knee in- 
juries compared with patients with isolated ACL-injury 
but concluded that this was an effect of decreased MVA 
alone and not due to any differences in atrophy. 

Physical activity and time from injury 

Most of the patients in the present study had reduced 
their physical activity considerably as shown by the re- 
duction of Tegner activity score after injury and IKDC 
score (Tab 6), and all were awaiting ACL-reconstruction 
due to problems with knee instability. They could there- 
fore be defined as non-copers. There is no accepted def- 
inition for the acute stage of an ACL-injury which can 
range from days to weeks [10] but as the subjects in this 
study were examined at least 2 months after the injury 
and with a median time of 10 months, they are here 
considered as after the acute stage. Williams et al. [4] 
studied quadriceps weakness and atrophy in predicted 
non-copers with an average time of two months after in- 
jury and found significant reduction in volume and CSA 
of quadriceps. The atrophy of quadriceps thus seems to 
appear rather early and to persist in untreated chronic 
ACL-deficient patients [3]. The patients in our study 
were non-copers who had reduced their physical activity 
a great deal, and the CT-examination was performed 
after the acute stage. It is thus not surprising that we 
could not find any correlation between the degree of re- 
duced physical activity or the time from injury and the 
difference in CSA. 

Limitations 

The observed differences between right and left side 
which are part of the important findings in this study 
are based on comparing groups of patients instead of 
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comparing right and left side in the same individual as 
we had no CT-examinations before the ACL-injury. This 
results in statistically less powerful comparisons. An al- 
ternative is to examine a group of healthy individuals 
but as imbalance in the muscles of the thigh might be 
an etiologic factor for attaining ACL-rupture, such a 
study group might not be representative for patients 
with ACL-rupture. 

Another weakness of the study is that muscle size is 
estimated from measuring CSA instead of muscle vol- 
ume. This was because we, in attempt to keep the radi- 
ation dose low for this study group who voluntarily 
participated in the study, decided to use only discrete 
axial CT-images at certain levels instead of a complete 
examination of the thigh. An alternative would have 
been to use magnetic resonance imaging (MRI) instead 
of CT but even with MRI measuring volumes of the en- 
tire muscle is difficult and time consuming as different 
parts of the muscles are not always readily separable. 

Conclusions 

The contralateral leg is often the used for evaluating the 
effects of ACL-injury and for monitoring the result of re- 
habilitation, but this study indicates that there is asym- 
metry in the muscles that ought to be taken in account 
and, that the effect of an ACL-injury on muscle size differs 
between right-sided and left-sided injuries. The results 
need to be confirmed in future studies. There is also grow- 
ing evidence that dominance- and gender-effects, such as 
our finding of decreased female semimembranosus CSA, 
have to be considered when assessing the effect of ACL- 
injury and the result of rehabilitation. 
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